The type II restriction endonuclease Ba/nHI has been expressed In E. coli, producing 100-fold more enzyme than the wild type Bacillus amylollquefaciens H strain. This high yield has facilitated purification to homogeneity of large amounts of the enzyme, along with its crystallization in a form which diffracts to at least 1.9 A in X-ray analysis.
INTRODUCTION
Type II restriction endonucleases are accessible examples of proteins which interact site-specifically with nucleic acids. These enzymes require only a divalent cation and a short DNA recognition sequence for action, and produce an easily assayed product. With several restriction endonucleases site-specific DNA binding is observed in the absence of the cation cofactor (absence of cleavage), allowing these endonucleases to serve as prototypes for sequence specific binding interactions (1, 2) . Although many restriction endonucleases have been purified for use as reagents in molecular biology, few have been biochemically characterized. Published crystal structures are available for only the EcoRl endonuclease (3), although several other structures are in progress (4; J. Anderson, personal communication).
The Ba/nHI endonuclease was one of the first type II restriction endonucleases discovered (5) and has been the subject of considerable biochemical and kinetic characterization (6) . The endonuclease from Bacillus amyloliquefaciens H cleaves the duplex DNA sequence 5'-GGATCC-3' between adjacent guanine residues in both strands to generate a 4 nucleotide 5' extension (5) . The Ba/nHI endonuclease coding sequence predicts a 213 amino acid protein with a molecular weight of 24,570 daltons (7) . Gel filtration and ultracentrifugation studies have shown the existence in solution as homodimeric and tetrameric species (6) . In combination with kinetic studies, these values indicate that the dimer is a catalytically active form of the endonuclease.
To facilitate our studies of the interactions of BamW endonuclease with its substrate we have constructed an overproducing strain of E. coli, developed a purification scheme allowing us to purify large amounts of the native enzyme and its variants to levels of purity which are suitable for Xray crystal analysis as well as detailed biochemical studies on synthetic oligonucleotide substrates. The purified enzyme has been crystallized, and we report here preliminary diffraction parameters.
MATERIALS AND METHODS

Enzymes, oligonucleotides, reagents
All restriction endonucleases and nucleic acid modifying enzymes were from New England Biolabs. Oligonucleotides used for sitedirected mutagenesis and dideoxy DNA sequencing were from the Organic Synthesis Division of New England Biolabs, and were synthesized on an Applied Biosystems DNA synthesizer model 380B. NaDodSO 4 polyacrylamide gradient gels (10-20%) were from Integrated Separation Systems and were run in Tris glycine buffer. Protein standards for gel filtration analysis were from Pharmacia.
Strains and media
Luria-Bertani (LB) medium and LB agar have been described previously (8) . Where cells contained plasmids coding for ampicillin resistance media was supplemented with 0.1 mg/ml ampicillin. E. coli strain ADK21 is a derivative of K802 (Iac3 galK2 galT22 metBl hsdR2 supE44 mcrBl mcrAl; ref. 9) which expresses the Ba/nHI methylase constitutively. The methylase gene {bamHIM) is carried in single copy on a lambda prophage (lambda imm 434 ind~ bamHIM) within the cell (L.G. and W.E.J., unpublished).
Plasmid preparation and manipulation
Plasmid DNAs were prepared on a small scale by minor variations of a boiling protocol (10) and on a large scale by alkaline lysis followed by CsCl banding (11) . ADK21 cells were made competent by CaCl 2 treatment of cells (11) .
Expression plasmid construction
Plasmid pPR594, a derivative of pTAC 12 (12) , was constructed and generously provided by P. Riggs (New England Biolabs, Beverly, MA). pPR594 carries the j3-lactamase gene, lacl gene, lac ribosome binding site, rrnB transcription terminator (13) , and Ncol and Hindm sites downstream of the P^ promoter and lac ribosome binding site (Figure 1) . Overexpression of the BamHl endonuclease was accomplished by replacing the initiation codon of the endonuclease gene with that within the Ncol site of pPR594, thus utilizing the lac ribosome binding site for translation. This step was facilitated by oligonucleotide-directed mutagenesis (14) to create an EcoRl site at codons 6 and 7, followed by ligation of a double-stranded synthetic oligonucleotide which introduced an Ncol site overlapping the initiation codon (Figure 1 ). These alterations, and others introduced to alter codon usage, were translationally silent. An Ncol to BgHl DNA fragment containing the entire bamHIR gene was then inserted into the Ncol and BamHl sites of a pPR594 derivative which contained a 700 bp HindHUBamHl fragment, creating the overexpression plasmid pAEK14 (Figure 1 ). The identity of sequences which were modified in the construction were confirmed by dideoxy chain termination sequencing using double stranded templates (15) .
Assays of BamHl unit activity One unit of BamHl is defined as the amount of enzyme which produces a complete digest of 1 fig of lambda DNA at 37 °C in a reaction volume of 50 /d in 60 minutes in BamHl reaction buffer (0.1 M NaCl, 6 mM Tris-HCl (pH 7.8), 6 mM MgCl 2 , 1 mM dithiothreitol). Protein concentrations were determined using the Bradford assay with bovine serum albumin as a standard (16) .
Assays of contaminating exonudease and endonuclease activity
Exonuclease activity was quantified via release of acid soluble radiolabel from a uniformly labeled substrate. Samples were incubated in BamHl reaction buffer with 1 /ig of [ Nonspecific endonuclease activity was detected by incubating samples overnight at 37 °C in 50 /J BamHl reaction buffer containing 1 /tg covalently closed circular (RFI) <t>X174, which lacks BaniHl sites. Nonspecific nicking and cleavage resulted in the appearance of RFII and RFin forms, respectively, which were resolved by agarose gel electrophoresis.
BamHl endonuclease purification ADK21 cells carrying pAEK14 were grown at 37°C to 65 Klett units. BamHl endonuclease expression was induced by addition of isopropylthiogalactoside (TPTG) to 0.4 mM and incubation was continued for 3 hours. Cells were collected by centrifugation and stored at -70°C.
80 grams of cells were thawed and suspended at 4°C in 400 ml of 10 mM potassium phosphate buffer (pH 6.9), 1 mM DTT, 1 mM EDTA, 1 mM EGTA (Buffer A) containing 0.15 M NaCl and 1 mM phenylmethylsulfonyl fluoride. All subsequent procedures were done at 4 C. The cells were sonicated and the debris removed by centrifugation at 20,000xg for 1 hour. The supernatant was applied to a 5 X 8 cm phosphocellulose column (Whatman PI 1) equilibrated in Buffer A containing 0.15 M NaCl and 10% (v/v) glycerol. After washing to remove unbound material, the activity was eluted with a 1500 ml gradient from 0.15 to 1.0 M NaCl. BamHl endonuclease activity eluted between 0.40 and 0.55 M NaCl. Peak tubes were pooled and loaded direcdy onto a 2.5x9 cm hydroxylapatite column (Calbiochem) equilibrated in Buffer A containing 0.5 M NaCl and 10% glycerol. The column was washed and eluted with a 500 ml linear gradient of potassium phosphate (pH 6.9) from 0.01 to 0.5 M. Peak endonuclease activity eluted between 0.15 and 0.25 M potassium phosphate. After dialysis against Buffer A containing 0.15 M NaCl and 10% glycerol, the enzyme was applied to a 2.5x11 cm HeparinSepharose column (Pharmacia) equilibrated in the same buffer, and eluted with a 500 ml gradient from 0.15 to 1.0 M NaCl. The active fractions, which eluted between 0.7 and 0.8 M NaCl, were pooled and dialysed against 50 mM KC1, 10 mM Tris-HCl (pH 7.8), 1 mM DTT, 1 mM EDTA, 1 mM EGTA, 10% glycerol (Buffer B) and loaded onto a 2.5x5 cm Q-Sepharose column (Pharmacia) equilibrated in Buffer B. The column was washed and eluted with a 500 ml gradient from 0.05 to 1.0 M NaCl. The peak of restriction endonuclease activity, which eluted between 0.4 and 0.5 M KC1, was pooled and stored at -70°C.
Beginning with the hydroxylapatite column, representative fractions were also assayed for contaminating exonuclease and endonuclease activities, as described above. 
Crystallization
The BamHl protein was concentrated about ten-fold to 25 mg/ml by centrifugation in a Centricon chamber (Amicon) and stored at -70°C. Crystallization experiments were performed by the hanging drop vapor diffusion method (17, 18) . Large crystals were reproducibly obtained by mixing 1 /tl of BamHl protein (~ 25 mg/ml in 0.5 M KC1, 20 mM KPO 4 (pH 6.9), 1 mM DTT, 10% glycerol) with 1 /xl of 'seeding' solution (12% PEG 8000, 0.25 M KC1, 5% glycerol, 0.2% NaN 3 , a crushed crystal) and equilibrating the resulting drop over a reservoir containing 12% PEG 8000, 20 mM KPO 4 (pH 6.9), 10% glycerol, 0.5 M KC1 at 20°C.
X-ray analysis
The crystals were initially characterized by a series of screened and screenless precession pictures (18) taken on a Elliot GX-6 rotating anode X-ray generator. The full diffraction limit of the crystal was assessed on a Xuong-Hamlin area detector (19) operating on a Rigaku RU200 rotating anode X-ray generator.
Aggregation state analysis
Gel filtration was carried out on a Superose 12 column (10x300 mm, Pharmacia) using 150 mM KC1, 20 mM Tris-HCl (pH 7.8), 5 mM b-mercaptoethanol, 5% glycerol. 100 /tl of BamHl protein (50 /tg protein in 0.45 M NaCl, 10 mM Tris-HCl (pH 7.8), 1 mM DTT, 1 mM EDTA, 1 mM EGTA) was loaded, and elution detected by monitoring UV absorbance at 254 run. Molecular weight standards used were chymotrypsinogen A (25,000 daltons), ovalbumin (43,000 daltons), bovine serum albumin (67,000 daltons). 
RESULTS
Overproduction of BamHl endonuclease
Purification of wild type BamHl endonuclease
After four chromatographic steps (Table 1) the BamHl endonuclease appeared as a single polypeptide on Coomassie blue staining of NaDodSO 4 -PAGE (Figure 2 ), indicating >99% homogeneity of the preparation. The preparation was free of detectable non-specific endo-and exonuclease activities as determined by incubation overnight of 250 units of purified BamHl with 1 /tg of substrate DNA in 50 /tl as described in methods.
Comparison of BamHl endonuclease isolated from native and recombinant sources
A major consideration before using the recombinant BamHl endonuclease for physical characterization was verifying that it behaved as the wild type protein. BamHl endonuclease isolated from the recombinant had a specific activity of 2.1 x 10 6 u/mg (Table 1) , comparing favorably with the specific activity of 2.5 xlO 6 u/mg derived for the enzyme isolated from Bacillus amyloliquefaciens (H.J. Benner, personal communication). Correct translation initiation and protein processing was verified by amino terminal sequencing of the recombinant protein (7) and (L.D. and J. Benner, personal communication). Previous experiments with BamHl endonuclease isolated from the native organism showed the protein to exist as a dimer at 0.5 M NaCl (6). Consistent with this result, we also find a single protein peak corresponding to 45,000 dalton dimeric species on FPLC gel filtration on Superose 12 (data not shown). As observed with the native protein, endonuclease purified from the recombinant displays star activity in the presence of Mn 2 " 1 " when the enzyme is in large excess (100 units BamHl to cleave 1 /tg lambda DNA, Figure 3 ; reference 20). In addition, the recombinant showed the same star activity as the native protein in the presence of 30%
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BamHl -lOOunits glycerol (data not shown). Star activity, however, was not detected in Mg 2+ buffer at pH 7, 7.8, or 9 ( Figure 3) . In all assays we have performed, BamHl endonuclease purified from the recombinant was indistinguishable from that from the native organism.
Crystallization
Crystals were formed with several precipitants (PEG 8000, PEG 20,000 and ammonium sulfate) and appeared in a few days. The reproducibility of large crystals was greatly improved by 'seeding' techniques. The morphology of the crystals was commonly thin plates (up to 1.0 mmx0.6 mmx0.12 mm, see Figure 4A ), although cubes (up to 0.2 mm on edge, see Figure 4B ) were also observed. Cocrystals between BamHl and DNA have also been prepared and will be described elsewhere (T.S., L.D., I.S. and A. A., manuscript in preparation).
Preliminary X-ray analysis
Crystals diffracted to at least 1.9 A in resolution and occurred in monoclinic ( Figure 5 ) and orthorhombic forms. The monoclinic form belongs to space group C2, with unit cell Constantsa = 76. depending on salt concentration (6) . Presumably, the crystallographic two-fold axes of both space groups coincide with the two-fold axis of the dimer of the protein. X-ray data sets on the monoclinic crystals (1.95 A) and several heavy atom derivatives (3.0-3.5 A) have been collected on the XuongHamlin area detector, and determination of the three dimensional structure of the enzyme is well underway.
DISCUSSION
In order to perform structural studies we have created a recombinant which produces > 100 fold more BamHl endonuclease than the original Bacillus amyloliquefaciens H strain. This has allowed us to purify large amounts of homogeneous BamHl endonuclease with properties identical to that isolated from the original host strain. Crystals have been grown from the purified protein which produce high quality Xray diffraction patterns. These patterns are being used to determine the three-dimensional structure of the native protein and of the DNA-protein complex.
The BamHl recognition sequence and the sites of cleavage possess two-fold rotational symmetry. One way to exploit such sequence symmetry is for the BamHl endonuclease to interact symmetrically as a dimer with the two half sites. Consistent with this idea, the purified BamHl endonuclease exists as a dimer in solution. This observation, coupled with the simple kinetic behavior (6, 22) , indicates that the dimer is a catalytically active form of the enzyme. In this respect it resembles the EcoKl endonuclease which also recognizes a two-fold symmetric site and has been shown to interact as two equivalent monomers (3,23).
The relatively high basal level of expression of pAEK14 has also been used to select BamHl endonuclease variants with catalytic defects. The transformation efficiency of the BamHl overexpression pi as mid pAEK14 in E. coli strain lacking the gene coding for the BamHl methylase is extremely low, presumably reflecting lethal expression of the endonuclease. BamHl variants with reduced cleavage activities were isolated by mutagenizing the BamHSH. gene on the pAEK14 plasmid, introducing the mutagenized plasmid into an E. coli strain lacking the methylase and selecting for surviving transformants. Such studies have identified Glu77, Asp94, and Glull3 residues as being critical for catalytic activity (24) .
Type H restriction endonucleases require Mg 2+ as a cofactor for cleavage activity. Mn 2+ can replace Mg 2+ in the EcoRl cleavage reaction, but the endonuclease displays decreased specificity in the presence of Mir 2 " 1 ", also known as EcoRI star activity (25) . BamHl endonuclease shows a similar relaxation of specificity in buffers which contain Mil 2 " 1 " (20) . BamHl star activity (also termed BamHl. 1) has also been observed in the presence of organic perturbants such as glycerol, ethylene glycol, ethanol, or dioxane (6, 26, 27) . The mechanism underlying star activity is unknown, but presumably involves altered DNAprotein interactions. Variants have also been isolated which differ in their sensitivity to Mn 2+ perturbation (S.Y.X and I.S., manuscript in preparation), allowing us to explore the nature of the altered interaction both in vitro and through crystallographic studies.
